ABSTRACT
Introduction
Quantity and mostly quality of soil physical data are required in many field and laboratory experiments. These dataset are used for developing, testing and applying soil thermal properties on water transport models [1] [2] [3] [4] , on virus and microbial retention and transport models [5] [6] [7] , as well as, the vegetal growth studies [8, 9] , also for applying in the foods science [10] . Some kind of data are related with thermal properties and heat transport, such that present a relevant features in their characteristics. Thermal properties in soils are: the thermal conductivity (), which describes the ability of the soil to transmit heat, the soil volumetric heat capacity (C v ), which describes the soil ability to store heat. Finally, the third property is the thermal diffusivity (), defined as the ratio of the thermal conductivity to volumetric heat capacity, combining both describes the rate of transmission of temperature change within the soil [11, 12] .
Soil thermal properties are influenced, among other variables, mostly for particle size distribution, water content and bulk density. The particle size and its distribution have an effect on the manner in which the moisture is held [13] . Soil water content has an important role in determining soil thermal properties, due the conduction through the soil is largely electrolytic [14] . Thus, when the soil moisture increase the thermal conductivity rise, because water (thermal conductivity equal to 0.57 W·m
is a good conductor [15] . Frequently, the statement is made that thermal properties of soils at the same moisture content for different textural class is highest in sand, intermediate in loam and lowest in clay. Also, a soil with high bulk density will have a thermal conductivity and diffusivity higher than other with pore space available (due to the presence of air), where the thermal properties will be decreased [13] . The rest of soil physical properties will involve a lesser effect, whether it is compared with the water content effect [16] , and bulk density.
On the other hand, in laboratory conditions thermal properties largely should be influenced for drying and wetting processes driven by water potential differences, being the relationship between water potential and water content a consequence of wetting and drying history [17] . This effect of a non-unique water-retention curve, i.e. the soil water hysteresis, is relevant for the gas-phase continuity, which influence on soil thermal properties. The hysteresis phenomenon has been well documented in the literature beginning with the work of Haines [18] , and followed by other authors, such as Philip [19] ; Poulovassilis and Childs [20] , Kutilek and Nielsen [21] , and Bristow [22] who related thermal properties with water potentials.
The purpose of our research is to explore the influence of hysteresis as one of the decisive factors to cause differences on the heat transport. Thus, the aim of our work is divided in two different task; 1) to measure and to analyze soil thermal and hydrodynamic properties, and 2) to ex-plore the impacts of hysteresis on soil thermal properties under experimental controlled conditions.
Materials and Methods
Sampling plot was located in Can Solé Road, sited in the Llobregat delta plain (Northeast of Spain), where frequently there are Cynara scolymus crops. The samples were obtained between surface and 30 cm depth. To characterize the soil physical variables, particle size distribution (Psd), bulk density (BD), total organic carbon content (TOC), calcium carbonate content (CCC) were measured. Particle-size distribution was determined using the wetting sieve method (2000 to 500 m), and a device by dispersion laser beams (Malvern Mastersizer/E) for particles smaller than 500 m. Bulk density and total porosity were determined from undisturbed sample volume. Total carbon content was analyzed by loss on ignition at 900˚C, and inorganic carbon content by loss on ignition at 200˚C, both using a Shimadzu SSM-5000A and solid sample module. These results we allowed calculate both, TOC and CCC contents. Also, particle density was calculated.
Measurements of thermal-hydrodynamic properties on soil columns constructed specifically for this experiment were made. Figure 1 shows the column device, which was developed using methyl methacrylate component, with a inner slope of 3˚. The slope allowed a well drainage of the gravitational water content, avoiding several ponding processes in the device. To obtain a correct wetting process from the bottom of the column, the device was connected to a separatory funnel. The instrument worked as a water deposit. To obtain a well-defined drying cycle we used the communicating vessel principle.
The lower levels of the column were refilled with gravel (4 to 8 mm of diameter) and sand particle size (250 to 1000 m). Both layers allowed to reach a necessary water level into the column, and a homogeneity wetting process of the sample, respectively. A separatory funnel provided a moderate water potential gradient into the soil column, when was necessary to apply a suction gradient. Several sensors were placed for two different levels (a and b), and thus to control two different moisture scenarios.
To determine the thermal properties a SH-1 small dualneedle sensor (Decagon Devices Inc.) was employed. This sensor consist of two thin needles (1.3 mm diameter and 30 mm length) assembled in parallel. One needle is a heater and another is a thermal probe. A heat pulse is applied to the heater, and temperature response at the sensor is recorded as a function of time. Following the application of the heat pulse method [23, 24] , the temperature at the sensor probe increases rapidly to a maximum, and then decreases gradually back towards its original value.
The SH-1 thermal sensor combined with KD2-Pro (Decagon Devices, Inc.) reader-logger, use the heat pulse methodology to yield reliable and accuracy soil thermal diffusivity () and thermal conductivity () estimations. Volumetric heat capacity (C v ), was determined from thermal conductivity and diffusivity data, following the expression:
The KD2-Pro reader-logger allowed to obtain a continuous large thermal data soil (more than 4000 thermal readings) to analyze in this experiment.
To determine the volumetric water content () and the water potential (), the soil column was monitorized with two EC-5 frequency domain reflectometry probes (FDR) (Decagon Devices Inc.) and two T-5 minitensiometer (UMS GmbH). The sensors were placed in couples (one T5 and one EC5 at the same level) for two different levels (a and b). A Campbell Scientific CR-850 and Decagon Devices EM-50 data-loggers were required to collect the data. [ ()] data from saturation to -83 kPa with minitensiometer [25] [26] [27] were measured. However, to measure the driest data a WP-4 dew point potentiometer (Decagon Devices, Inc) was used [28, 29] . Both data set were used to estimate the water retention curve during the drying process. Soil water retention curve was obtained fitting the observed data to the Van Genuchten equation [30] . To estimate the hydraulic parameters of the model (s, r,  and N) the RETC code [31] was used.
Finally, the thermal diffusivity data as a function of water content to a third degree polynomial curve were fitted. To validate this adjustment, we used two objective quantities to express the uncertainty of the prediction method. The mean error (ME) quantifies the systematic bias between predicted and observed water contents; the root mean square error (RMSE) determines the deviation in the prediction from the measurement.
where i  and i  denote respectively measured and estimated values of volumetric water content at any specified water potential ψ, and n is the number of samples for which the ME and RMSE were calculated.
Results and Discussion
The studied soil from Can Solé Road was classified as silt loam textural class (USDA, 1975), with a particle size distribution for silt content always higher than 60%, mean sand content about 34%, and mean clay content about 4%. Mean bulk density is 1.47 g·cm -3 and total porosity 45%. Mean total organic carbon content was about 3.1%, and mean calcium carbonate content was 40.3%.
On the other hand, soil water retention curve (Figure 2 ) showed a volumetric water content close to saturation about 0.45 cm , respectively. The van Genuchten model fitted acceptably the estimated water retention data to observed data with r  0.98 and p ≤ 0.01. Estimated water content values were in the range of the values found in the literature for these types of soils [32] [33] [34] .
Soil wetting curves are presented in Figure 3 . The two curves showed a well-defined wetting process. The wetting soil column device by two EC-5 probes was determined. For rising the capillarity between the a and b points (separated by 12 cm) were spent 40 hours, with large differences in the water content between both levels. When the probe a (upper level) started to increase the moisture values (from 0 initial) the probe b presented values about 35% of water content. These differences decreased to 20% when the probe b (lower level) reached at saturation. In this point, both levels reached to steady-state conditions. In terms of water potential, the observed data was -1.41 kPa for level a, and close to 0 kPa for level b. The temperature line means the daily temperature cycles for the observed period. Note that exists an slight decreasing on the soil temperature (between 260 to 340 hours of observation), this fact was due to decrease the room temperature. This involved a reduction of the temperature of the water content inside the column device. Also, this affected to the evaporation demand. In these conditions, the demand of the water content from level a to level b was lower than other environment conditions, when the temperature inside the column was higher. Although, this minimal loss of the water content did not affect enough the thermal properties measurements. Figures 4 and 5 , showed the influence of water content in the thermal properties for the soil sample using the level a dataset. The thermal dataset was obtained whereas wetting process in the soil sample was carried out.
Thermal conductivity (Figure 4 ) and thermal diffusivity ( Figure 5 ) were plotted versus volumetric water content, just that these two properties were directly observed data. However, the volumetric heat capacity (Figure 6 ) as a relation of the function  () were calculated data.
In Figure 4 can observe, that for a silt loam soil the thermal conductivity () showed a gradual increase insofar water content increased [13] , presenting a strong reaction when soil moisture was higher 20% vol·vol -1 . Therefore, greatest increase in  became during the wetting processes range. Similar results were showed by Al Nakshabandi and Kohnke [16] with the same type of soil textural class. The thermal properties ( and ), both showed a nearby steady-state scenario when the volumetric water content was close to 25% vol·vol -1 , assuming a constant slope [16, 22] , being the water content at level a near to saturation [35, 36] . During the wetting process, existed several time steps where the soil moisture showed a slight decreasing (see grey line in Figure 4) , at these points the thermal conductivity values were different for a same water content data. This fact evidence a small hysteretic behaviour, related with the manner as the pore water content was drained and refilled again. This fact is treat below, in Figure 8 . Figure 5 shows the relationship between thermal diffusivity as a function of water content for a silt loam soil. Thermal diffusivity and thermal conductivity showed a similar behaviour, also with a constant slope between 10% to 20% vol·vol -1 of water content, and steady-state conditions when soil moisture was over 20% vol·vol -1 . These different scenarios could be related to severe vapour transfer before to reach a high soil moisture, i.e. the fast increase of the  values between 10% and 20% vol·vol -1 of water content.
Thermal diffusivity presented an excellent relationship with volumetric water content. To fit the curve to the observed data, a third degree polynomial was used. This approach is a functional relationship selected purely by their mathematical flexibility to fit the experimental data points, being the main advantage that it does not require the determination of any additional soil parameters. Authors in the literature have also used these type of equations to relate the soil water content with different soil properties, being some of these properties e.g. the dielectric constant and the relaxation frequency of water stored in the soil (e.g., as discussed by Wobschall [37] and Topp et al. [38] ).
Estimated data fitted very acceptably to observed data, with r  0.99 for p ≤ 0.01. The uncertainty of the values in terms of ME and RMSE was carried out. Estimated values presented overestimations about 0.04% and a dispersion values became to 0.61%, therefore the range of error in the estimated curve was in a well-acceptance range of values for these kind of data.
Variation of volumetric heat capacity for a silt loam soil as a function of water content is shown in Figure 6 . The results showed an increase of the volumetric heat capacity insofar the soil moisture was increased. C v varied linearly with water contents between air-dried to 0.1 m 3 ·m -3 , which is in conformity with Equation (1) . The slope of the curve is practically the same obtained in Figure 4 where the thermal conductivity curve was analyzed. Volumetric heat capacity did not increase uniformly with increasing water contents (Figure 6 ). Initially, from 0.1 m 3 ·m -3 volumetric heat capacity increased rapidly, just that the contact among the particles was improved by the film water content [39] .
Often, a common approach for presenting soil thermal properties has been to plot these properties as a function of water content. But less commonly, thermal properties have been plotted as a function of volume fraction of air (, m 3 ·m -3 ) [40] . Figure 7 , shows the relationship between ,  and C v vs . Volume fraction of air was calculated once water content and particle density was known because the sum of the volume fraction is 1. The thermal conductivity data in Figure 7 shown that the variation in  can be explained by the variation in  between the measures. On the whole of thermal properties, the increases of  was related linearly with thermal properties decreases.
The relationship between , C v and  was stronger (r = 0.98, Figure 7) than the relationship between  and  (r = 0.95, Figure 7) . Therefore, volume fraction of air exerts a limiting effect on soil thermal properties, especially on thermal conductivity [40] and volumetric heat capacity in these measure conditions for silt loam soil.
In Figure 8(a)-(c) , we show the wetting and drying cycle related to thermal properties data, which was observed for the studied soil (i.e., 34% sand, and 4% clay). All thermal properties in Figure 8 were determined for a same spatial-temporal scenario.
Existed, in general, good agreement between the thermal conductivity measurements and the soil hysteretic behaviour (Figure 8(a) ), which was subject to drying and wetting cycles [22, 41] . Thermal conductivity measurements at the end of the wetting process showed a linear increaseing with the soil water contents. Whereas, during the drying cycle, Figure 8 the values of the soil thermal conductivity. When the water in porous media began to decrease, then the thermal conductivity started a rapid decreasing, in parallel to the wetting process.
Experiences performed with thermal properties in the laboratory have presented unclear phenomena. The changes in the soil temperature produced during the drying process, controlled certain divergences in the thermal dynamic behaviour, as is the case of the Figure 8 , where the temperature decreased 12 Celsius degrees inside the column device (due to changes in the room temperature) during half drying cycle, involving that the evaporative demand decreased.
On the other hand, the temperature oscillation during the wetting process was negligible, maintaining steadystate conditions all time. Although, several studies carried out by De Vries [15] , Campbell and Jungbauer [42] , Campbell and Norman [43] about the effects of the temperature on the thermal properties, maintain that in a moist soil at room temperature 10 to 20% of the total heat transport is as latent heat through the pores. This portion of the heat transport is strongly temperature dependent, roughly doubling for each 10˚C temperature rise. Therefore, the variable temperature produced a small effect on the thermal conductivity when the temperature decreased 12˚C, such that the heat transport was reduced (see dot circles in Figure 8(a) ).
Figures 8(b) and 8(c), showed the influence of water content in volumetric heat capacity and thermal diffusivity, respectively. Volumetric heat capacity (Figure 8(b) ) presented a well-defined hysteresis process, and the variations of the temperature during dried curve did no affect to both cycles either.
On the other hand, Figure 8 (c) showed greatest differences between both moisture cycles. Thermal diffusivity increased whereas the water content was increasing in the porous media. But, an unexpected fact occurred when the moisture cycle was opposite. During the dried curve, the values of  shown a constant increasing. To explain these divergences in  values, it may to have account the relation between water content and porous media diameter, and the spatial interaction between heat transfer and soil moisture. The most important factor is the thickness and geometry of the water layer around the particle [16] , which determined the heat transfer in the system.  and especially  values would depend highly on the manner in which the best conducting mineral particles were interconnected by the less conducting water phase, and were separated by the poorly conducting gas phase [44] . Therefore, the heat transport in the soil taken place mainly through the narrow points of contact between the particles. The water around contact points formed very effecttive "bridges" for conduction of heat. However, the thin film formed around the soil particles during both processes, involved different  and  values for the same water content, such as were shown in Figures 8(a) and 8(c) . Also, the variations in the volume of the air fraction (see Figure 7) explained much of the variation in thermal diffusivity data rather than other variables, just that in driest measures for this soil the relationship was not typically linear.
Although, we used a deionised water to carry out the experiment, could exist a slight influence of few dissolved solids on suction, which involved changes in surface tension of the water content during the drying process [45] . This would indicate differences among the film water around the particles. Also, the variations of the temperature would influence in the rate of latent heat, yielding significant differences in the gas phase, and controlling the different scenarios occurred on both cycles. Therefore, we could assume that the values of thermal properties varied according to the thermal state of the system.
Conclusions
A laboratory-scale study of heat flow and water was conducted using a soil column device and time-intensive monitoring scheme. Soil thermal properties and soil water contents were measured at two depths under different soil moisture regimes. Usefulness of soil column device presented a well-defined soil wetting process, yielding an acceptable observed thermal and hydrodynamic data set. A slow capillary rise in the porous media favoured a not collapse of the porosity by the air-entry, and therefore a direct contact between the thermal sensors and soil.
The experiment produced a unique and comprehensive data set useful for quantifying the spatial-temporal dynamics of , C v and  based on moisture levels. The data presented here reveal several interesting features. Thermal properties showed an acceptable relationship with water content, being directly proportional the increase of water content with the increase of the observed thermal conductivity and diffusivity, therefore with the calculated volumetric heat capacity. Also, these measurements can be described as a decreasing linear function of the airfilled porosity.
The influence of the hysteretic behaviour on soil thermal properties was related with several important factors: saturation and non-saturation degree, changes on temperature and its influence on the heat transport, and the geometry of the water layer around the particle.
On the other hand, thermal diffusivity data fitted very acceptable to a third degree polynomial curve with minimal uncertainty on the data. Therefore, soil moisture could be an acceptable predictor for the thermal diffusivity for this type of soils, in spite of the equation was fitted to a particular data set. However, we are fully aware that additional experiments are indispensable to validate in different soils (e.g. in macro-porous soils) the partly conceptual and partly empirical basis of the schematization elaborated in this paper. Also, it would be convenient to be continued the investigations of the thermal hysteretic behaviour studying more variables (e.g. the effects on compacting), which can be especially sensitive on these type of data.
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